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O-ring/Antiextrusion Ring

Cell Body Closure Plug
I < T Sample
J ///7 //// Guide
g L.
,/1\ ;, Elastometric
r <A \\ | |_~—Tubing
Sample —L Il ' /
. r"———-é
A | ___Spacer/
. Bellville
' NG S Spring
I, N_H.P. Inlet
l .
::::::j F\__Sapphlre

! ////
l
i ! /
Thermometer Port \\\——Closure Plug

Overall Dimensions: 2.5" D x 1.875" L

Sapphires: .250" x .250"
Closure Plua: 1.125" D x 0.5" L

Figure 1. High Pressure Microscope Cell
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Quartz Internal Pressure Calibrant Technique
for High Pressure Infrared Spectroscopy

/50. 3 KBAR

0. 8 KBAR

860 800 740
FREQUENCY CM™

Fic. 2. Representative infrared spectra of crystalline quartz in the
frequency region 740-860 cm™! at two pressures.
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Fic. 3. Pressure dependence of the frequency of the 801 ¢m-* band
of crystalline quartz.

1

* P.T.T. Wong, D.J. Moffatt, and F.L. Baudais,

Applied Spectroscopy 39(4), 733 (1985)
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INFRARED SPECTROSCOPY OF ACOUSTICALLY LEVITATED DROPLETS
Thomas B. Brill and James T. Cronin

University of Delaware
Department of Chemistry
Newark, DE 19716
(302) 451-6079

The stationary suspension of a liquid droplet or a solid particle in air
on the nodes of a monochromatic sound wave (acoustic 1levitation) was
investigated as a non-intrusive sampling technique for IR studies of particles
and liquid droplets. A 22 KHz acoustic levitator was constructed for use in an
external optical bench assembled from the beam condenser mirrors of a micrs-
sampling device. This permitted the focal point of the IR beam to be
positioned at various points in and around the droplet or particle. IR spectra
of 1-3 mm diameter droplets of LP1845, oil droplets, bubbles and solid
particles have been recorded. Some of the spectra are non-routine in
appearance. Variables, such as the phase and composition of the sample, the
particle size, and the beam position all can profoundly influence the
appearance of the spectrum. A combination of reflection and absorption of
radiation occurs, the balance of which can be shifted by the above mentioned
variables. Semi-empirical modeling of the optical features for this unusual

sample state is currently being attempted.
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Little is known about the molecular processes when
condensed phases thermally decompose at high rates
We sought:

* Simulation ignition/combustion conditions

* Real—time characterization of gases evolved from

the condensed phase at high heating rates

* Simultaneous measurement of heat changes in the

condensed phase
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Laser-Induced Shape Distortion & Breakdown
in

Single NH4NO3 Water Droplets

Richard K. Chang

BRL
August 31, 1988 David H. Leach

Yale University
Center for Laser Diagnostics
P.0.Box 2157 Yale Station
New Haven, CT 06520-2157
(203) 432-4272
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Title of Paper Laser-Induced Shape Distortion and Breakdown
in Single NH,NO, Water Droplets
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Type of Paper: _ X Progress; ____ Summary; __ State-of-art; ___ Other
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Co-author(s) name(s)_ David H. Leach, Jia-biao Zheng, and Jian-2zhi Zhang
ABSTRACT (Use reverse side 1f necessary)

Nonlinear optical spectra from a single water droplet containing nitrate
ions can potentially provide information on the droplet species, size, and
shape. However, the droplet may be significantly perturbed by the high-energy
and/or high-intensity laser pulse needed for such optical diagnostics. It is,
therefore, important to understand the laser-induced shape distortion forces
and the laser-induced breakdown (LIB) mechanisms when the incident laser fluences
and/or irradiance exceed certain values.

The high-energy laser pulse can exert a large electrostrictive force on
the droplet and cause shape distortions of large amplitude. Such distortions
may provide a means to determine in situ the surface tension of the droplets.
We have recorded shadowgraphs of laser-induced shape distortions by a high-energy
(~20 mJ intercepted by the droplet) but low-intensity laser pulse.

LIB occurs when a high-intensity but low-energy laser :pulse is incident
on a transparent droplet. When the incident laser irradiance is below 1 GW/cm?,
the integrity of a 5 M NH4NOj water droplet is left intact, and the emission
spectra, which are confined within the droplet rim, consist of multiorder stimu-
lated Raman scattering (SRS) peaks of the NO, ions. Above 1 GW/cm?, the emission
spectra within the droplet consist of the SRS peaks as well as a broad continuum,
which is indicative that LIB has occurred within the droplet. We have been using
spatially resolved plasma emission spectroscopic techniques to investigate physi-
cal mechanisms associated with LIB caused by high-intensity laser irradiation of
a transparent droplet. At the 10 GW/cm? level, the emission spectra are devoid
of SRS peaks and consist of only the broad plasma continuum and the discrete
plasma peaks, e.g., from singly ionized nitrogen [N(II)] and neutral hydrogen
of the Balmer series Hy. Using a spatially and temporally resolved technique, we
have been able to determine the plasma propagation velocity of the detonation
wave that travels from the droplet illuminated face toward the laser.

We gratefully acknowledge the partial support of this research by the U.S.
Army Research Office (Contract No. DAAL03-87-K-0076).
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OBJECTIVE

Nonlinear optical spectroscopy to determine species
and their concentrations within droplets.

SUMMARY OF PROGRESS

1. Stimulated Raman scattering (SRS) spectrum
2. Time development of SRS

3. Quenching of SRS by laser-induced breakdown

4. Laser-induced breakdown plasma emission
(spatial and temporal development)

5. Droplet shape distortion due to electrostriction
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Fig. 1.

s 5M NH,NO, LOW INTENSITY MULTI-SHOT

:g: .
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5 S — = —_ 5
s = = ~
- 680 680 640 820 800 5680 560 540

INCIDENT

532 490 470 480 430 410

WAVELENGTH (nm)

Spatially resolved emission spectra from S M NH4NOy water droplets that were irradiated
with a 532 nm laser pulse with irradiance of 1.4 Gw/cm2, The horizontal axis corresponds
to wavelengths dispersed by the spectrograph. The vertical axis in the plane corresponds to
distance along the laser beam direction (indicated by the arrow), which is aligned parallel
to the vertical slit of the spectrograph. The shaded bar along this vertical axis defines the
droplet along its principal diameter. The third axis out of the plane corresponds to the
intensity (detected by a vidicon camera placed at the exit plane of the spectrograph) at
various wavelengths and at various locations along the slit. The displayed spectra in each
wavelength segment resuited from the integration of =50 laser shots. The intensity peaks
of the first four orders of the stimulated Raman scattering are all confined within the
droplet and are labeled vy, 2V, 3vy, and 4v,, where v denotes the symmetric stretching

mode of the NOy~ ions. The broad plasma continuum is noted to be confined within the
droplet and to increase toward shorter wavelengths. The origin of the plasma continuum
is ascribed to LIB within the droplet.
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5M NH,NO, HIGH INTENSITY SINGLE SHOT
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Fig. 2. Same as Fig. 1, except the input laser irradiance is increased to 9.6 GW/cm2. The four

INTENSITY (arb. units)

stimulated Raman peaks are no longer detectable. LIB is responsible for the broad plasma
continuum and the discrete plasma peaks. The broad plasma continuum is no longer confined
within the droplet but is extended to the region behind the dropiet illuminated face. The
discrete plasma peaks are assigned to the emission of hydrogen (the Balmer line of H,) from

water and to the emission of singly ionized nitrogen [N(i1)] from air and NO3~ions.

30 28 Fig. 3. Spatially resolved emission spectra
aw/cm? within a 635 to 665 nm wavelength
range at four different irradiances.
At 1.4 Gw/cm2 the spectra consist
40 of only the SRS peaks associated with
30 the stretching mode of NO3~ (3v,) and
A&:—: the OH stretching mode of water. At
ZN 20 7.0 2.8 GW/cm2, the 3v, SRS peak is still
WY GW/cm? detectable while the SRS peak of
—-%5_ water is overwhelmed by the ptasma
continuum and the H, emission peak.

At 7 and 9.6 GwW/cm2, the plasma
continuum and the H, emission peak

~
20 ,: extend further behind the droplet
Y illuminated face. At 9.6 GW/cm?,
= === 28 SRS is quenched by the absorption
ee0 | 630 @ 630 GW/cm? associated with the plasma produced

WAVELENGTH (nm) by the LIB.
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Fig. 4.

0 20 40 60 20 40 60
Time (ns)—=»

Temporally and spatially resolved plasma emission spectra from 1 M NH4NOy water droplets
irradiated with a S32 nm laser pulse at 7 GW/cm2. The droplet and the plasma plumes
were imaged onto the slit of a streak camera that was swept at S nsec/mm. The horizontal
axis corresponds to time in nanoseconds. The vertical axis in the plane corresponds to
distance along the slit (denoted as x), with the top half detecting the emission at A = 656
nm (chosen for the hydrogen Balmer line of H.), the bottom half detecting the emission at

A =587 nm (chosen to be within the broad ptasma continuum), and the central part detecting
the laser emission at A = 532 nm. The laser direction is aiong the x axis, and the region
spanned by the droplet illuminated face and shadow face are indicated. The plasma emission
intensity as a function of time and distance along the slit is plotted out of the plane (see
curves on the left). The nominal 20 nsec Q-switched laser pulse actually consists of three
pulses. The equal intensity contours as a function of time and distance along the slit are
also shown (see curves on the right). Note that there is no detectable plasma expulsion from
the droplet shadow face. All the plasma expulsion occurs from the droplet illuminated face
in the form of an optical detonation wave (when the laser pulse is on) and in the form of a
shock wave (when the laser pulse is off). For the detonation wave, the propagation velocity
of the H, emission, starting from the droplet illuminated face and traveling toward the

laser, is =25 km/sec. The corresponding propagation velocity of the continuum emission is
=15 km/sec.
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Fig. 5. Shacowgraphs of a droplet at various delay times At after a droplet has been irradiated by a

long pulsed dye laser (A = 620 nm, 400 ns pulse duration) which is propagating from the left
to the right. The left-hand column corresponds to a CCly droplet (a = S0 pm) and the right-
hand column corresponds to a 1 M NH,NOjy water droplet (a = SO pm). The dye laser beam
has 80 mJ focused to a spot diameter of 200 pym. Thus the laser energy intercepted by the
CCL4 0or 1 M NH4NO3 water droplet is 20 mJ. The At for the three successive frames along
the column are 0, 2, and 4 psec, respectively. The observed bulge at the droplet shadow face
is caused by the electrostrictive force exerted by the internal laser intensity (the lens
effect of the illuminated face). The electrostrictive force opposes the surface tension
force. The surface tension of CCL4 is 27 dynes/cm and that of pure water is 71 dynes/cm.
The surface tension of a 1 M NH4NO3 water droplet is larger than that of a pure water
droplet. Consequently, a pronounced bulge is observed for the CCL4 droplet (left-hand
column) while only a small bulge is observed for the 1 M NH4NO3 water droplet (right-hand
column).
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ABSTRACT (Use reverse side {f necessary)

To understand the fundamental chemical reactions and thermal behavior of
HAN-based liquid propellants, it is imperative that an in-depth study be
carried out on the individual ingredients of the propellant. Such an understanding
is crucial to evaluate the potential chemical reactions controlling the combustion
and microexplosion behavior of droplets of liquid propellants.

To gain an insight into the combustion phenomena of 1iquid propellants, tie
combustion behavior of freely falling liquid propellant droplets was investigated
in a high temperature, elevated pressure environment. Influences of ambient
pressure, ambient temperature, initial propellant water concentration, and initial
droplet size on the combustion rate and state of microexplosion have been
systematically investigated using a high pressure droplet chamber and a strobe
back-lighted video imaging technique. With increasing pressure and temperature,
the droplet gasification rate increased while the state of microexplosion advanced
to the very early stages in the droplet lifetime. Droplet sampling was carried
out prior to the microexplosion to determine the physical and chemical changes prior
to the microexplosion.

The energetic ingredients of liquid propellant, HAN and TEAN were subjected
to thermal treatment in a controlled manner in an inert atmosphere from atmospheric
to 1000 psi. Thermal decomposition of HAN occurred much more vigorously at a lower
temperature than TEAN without leaving any residue after the thermal treatment.
Thermal decomposition of TEAN was observed to be complex, with several oxidation
reactions during the decomposition process. Both at atmospheric and high pressures,
TEAN solid exhibited a phase transition from solid to liquid corresponding to a
heat of fusion of about 130J/g. The major decomposition of TEAN occurred in the
liquid state with the net heat of reaction being exothermic in the pressure range
investigated. Even during the onset of the decomposition process, TEAN was
discolored and appeared like a black, viscous liquid. During the process of
decomposition, vigorous bubbling was observed and ultimately shiny black needles
were left behind. The decomposition process both at atmospheric and high pressures
was interrupted and the liquid phase decomposition products were subjected to a
variety of chemical analysis techniques. Our results conclusively suggest that
TEAN is dissociated to triethanolamine and nitric acid, and proton transfer is the
first step in the dissociation followed by decomposition.
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1 OUTLINE OF PRESENTATION

1. PROPERTIES OF PROPELLANTS
| 2. OBJECTIVE

{ 3. EXPERIMENTAL METHODOLOGY

4. RESULTS

A. GASIFICATION HISTORY
B. MICROEXPLOSION

C. THERMAL DECOMPOSITION BEHAVIOR

[ 5. CONCLUDING REMARKS
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1. PROPERTIES OF PROPELLANTS

A. CHEMICAL STRUCTURES

1. HYDROXYL AMMOMIUM NITRATE (HAN)
+ -
NH,OH* NO,
2. TRIETHANOL AMMONIUM NITRATE (TEAN)
(C,H,OH),NH* NO,
B. COMPOSITION OF LP1845

7 NH,OHNO, + (C,H,OH),NHNO, + 10 H,O =

32 H,0 +6CO, + 8N,
CONCENTRATION BY WEIGHT :

63.2% HAN

20.0% TEAN

16.8% WATER

C. ADIABATIC FLAME TEMPERATURE

T,,=2285K

a
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3. COMBUSTION CHAMBER

————

blow-out

diaphragm droplet
generator

purge gas porous
/ plate burner
burner gas n
feed line N / cooling
/ \\\\\\ \\\\\// s water
thermocouple ¥ ¢ aﬁ window
wire YAM aéh flange
]
| .
IR
ceramic
insulation
pressure N /
transducer

IR AN

{ cooling

exhaust
control valve

water
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2. OBJECTIVE

A. EXPERIMENTALLY DETERMINE:
1. GASIFICATION RATES
2. MICROEXPLOSION DIAMETERS
AS A FUNCTION OF THE EXPERIMENTAL PARAMETERS:
1. AMBIENT PRESSURE
2. AMBIENT TEMPERATURE
3. INITIAL DROPLET SIZE

4. LP WATER CONTENT

B. AMBIENT PRESSURE IS OF PARTICULAR INTEREST:
1. HIGH PRESSURE WITHIN GUN CHAMBER
2. INCREASING PRESSURE INCREASES DROPLET
| TEMPERATURE, AND THUS LIQUID-PHASE
REACTION RATES
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4. RESULTS:

ASIFICATION RATE

Burning Rate Data for LP 1845 at 1000K

* Microexplosion

1L N 1

ot

50

156
Time (ms)

1
100

A. CLASSICAL DROPLET GASIFICATION THEORY

PREDICTS LINEAR D’ VS. TIME BEHAVIOR

B. QUALITATIVE OBSERVATIONS
1. SLIGHTLY NON-LINEAR GASIFICATION RATE

2. DROPLETS MICROEXPLODE
3. NO "FLAME" OBSERVED

C. GASIFICATION OR BURNING RATE CONSTANT

DEFINED AS NEGITIVE SLOPE OF

(APPROXIMATELY) LINEAR SEGMENT
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4. Gasification Rates

Burning Rate of LP184S at 1atm

0.16
I
014 [
9
0.12
b
-

0.10

K (mm?/s)

0.08 |

006

DO= 185 Hm

1 - A "y A " A —. .

0.04
900

950 1000 1050 1100 1150
T (K)

Vaporization Rate of Water at 1atm

0.18
016
014

o12r

K (mm /s)

0.10

L
008
r

e

Dp=220pum

L 2 1 A - A ~L

0.06
950

1000 1050 1100 1150
T (K)

A. BURNING RATE INCREASES WITH AMBIENT TEMPERATURE

B. GREATER DRIVING FORCE FOR HEAT TRANSFER

C. INCREASE IN K FOR PURE WATER IS WEAKER
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4. Gasification Kates

Burning Rate for LP1845 at 1000K

0.16
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BURNING RATE INCREASES WITH PRESSURE DUE TO :

1. BOILING POINT RISES WITH PRESSURE.

2. CHEMICAL REACTIVITY INCREASES WITH

INCREASING PRESSURE.
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4. Gasificaton Rates

Burning Rate of LP1845 at 1150K, 1atm
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A. HEAT GENERATION DUE TO CHEMICAL REACTION

IS A VOLUMETRIC EFFECT.

B. SINCE HEAT EXPENDITURE THROUGH VAPORIZATION

| IS A SURFACE EFFECT, K SHOULD DEPEND ON D,.
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4. Microexplosion

Dex Do

Microexplosion Size of LP1845 at 1atm
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BY THE INITIAL DIAMETER.

AMBIENT TEMPERATURE.
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A. THE MICROEXPLOSION DIAMETER IS NORMALIZED

B. DIAMETER AT MICROEXPLOSION INCREASES WITH




4. Microexplosion

Microexplosion Size of LP1845
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A. MICROEXPLOSION IS ADVANCED WITH INCREASING

PRESSURE.

B. LOWER AMBIENT TEMPERATURE DELAYS DROPLET

MICROEXPLOSION
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4. Microexplosion

Microexplosion of LP with Water Addition at 1000K

1.0

pure LP 1845

LP with 30% water
LP with 40% water
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A. AS LP WATER CONTENT IS INCREASED, BOILING

POINT IS LOWERED.

B. CHEMICAL REACTIVITY IS DECREASED.

C. MORE WATER NEEDS TO BE DEPLETED FOR

THE SALT

TO BE SUFFICIENTLY CONCENTRATED TO INDUCE

MICROEXPLOSION.

D. MICROEXPLOSION IS DELAYED.
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4. Microexplosion

POSSIBLE CAUSES OF MICROEXPLOSION:

- A. GAS EVOLUTION FROM LIQUID-PHASE REACTION.

B. INTERNAL HEATING FROM CHEMICAL REACTION
PAST THE LIMIT OF SUPERHEAT.

. C. INTENSIFIED SURFACE REACTION DUE TO THE
HIGH SALT CONCENTRATION (AT SURFACE).
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5. CONCLUDING REMARKS

. BURNING RATE AND MICROEXPLOSION SIZE

INCREASE WITH
1. INCREASE OF AMBIENT PRESSURE

2. INCREASE OF AMBIENT TEMPERATURE
. LIQUID PHASE REACTIONS CAN BE IMPORTANT

. EXTENSION OF PRESENT UNDERSTANDING TO
ULTRA-HIGH PRESSURE COMBUSTION REQUIRES

FURTHER STUDY.




RAMAN SPECTROSCOPY OF NITRATE SALT SOLUTIONS UP TO 500°C AND 35MPA
Thomas B. Brill and Peter D. Spohn

University of Delaware
Department of Chemistry
Newark, DE 19716
(302) 451-6079

By using a cell described in earlier LP conferences, the Raman spectra of
Ca(NO3)2, Zn(NO3)2, NaNO3, and LiNO3 solutions in water were recorded up to
500°C and 35MPa. Because of the increased linewidths at high temperature, the
interpretation of the spectral changes is non-trivial. Multicomponent analysis
using a simplex routine combined with Fourier transformation to establish the
number of species present appears to give the most reliable curve resolution.
Density measurements at high pressure and temperature were also useful in
interpreting the spectral changes witnessed. The behavior of the ion-water and

ion-ion interactions can be established from these studies.
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CHARACTERIZATION OF AQUEQUS NITRATE
SALT SOLUTIONS AT ELEVATED